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CHAPTER 1

Dispersal limitation in salt marshes: patterns of colonization
Introduction
Restoration projects often focus on restoring historic hydroperiods to impounded
or restricted salt marshes by returning or increasing tidal exchange. Hydraulic restoration,
often thought to be sufficient for ecological restoration (Mauchamp et al. 2002, Warren et
al. 2002), may not always facilitate full recruitment of all species (Onaindia et al. 2001,
Armitage et al. 2006). Instead, high substrate stress (Lindig-Cisneros and Zedler 2002)
and seed dispersal constraints (Wolters et al. 2005, Morzaria-Luna and Zedler 2007)
often preclude establishment of particular species in restored tidal marshes.
Immediately following restoration, high salinity and reduced soil conditions in
unvegetated substrates play a key role in seedling emergence and survival. In salt
marshes, soil salinity is higher in bare patches than in vegetation (Bertness 1991,
Shumway and Bertness 1992). Seeds of salt marsh plants have varying abilities to
germinate in saline conditions (Ungar 1991, Baldwin et al. 1996, Ewanchuk and Bertness
2004b), although, most species germinate best in freshwater conditions and full sunlight
(Ungar 1991, Shumway and Bertness 1992). Waterlogged soils have low redox potentials
in which oxygen is not readily availability and concentrations of toxic reduced
compounds increases. In general, vegetation ameliorates this stress by aerating the soil;
lack of vegetation exacerbates it (Howes et al. 1981).
Salt marshes are generally thought to be seed-limited. Salt marshes have a 10-fold
lower seed bank density than freshwater marshes (Hopkins and Parker 1984, Hartman
1988, Rand 2000) and most species have a transient seed bank (i.e. viable for less than
one year; Hutchings and Russell 1989). Experimentally adding seeds increases the
number of emerging seedlings (Rand 2000). On natural disturbances, vegetative
reproduction dominates secondary succession in New England marshes but seedling
recruitment also plays a role (Hartman 1988, Ewanchuk and Bertness 2004b). Species
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vary in how they propagate disturbed patches. Some species such as Spartina patens and
Distichlis spicata propagate almost exclusively through rhizomes and have very low seed
abundances while Sp. alterniflora and Salicornia depressa recruit to bare patches through
seeds (Bertness and Ellison 1987). Juncus gerardii regenerates from both seed and
through rhizomes (Bertness and Ellison 1987).
Restoration of degraded salt marshes occurs on a large scale (1-100’s hectares). In
contrast, natural disturbance in salt marshes by ice scour and wrack deposition occur on
the order of square meters (Bertness and Ellison 1987, Shumway and Bertness 1992).
The limited dispersal of salt marsh plants may make them unsuited for recruitment into
large open space made available after restoration.
Consequently, in a large, highly disturbed hydraulically restored marsh where
vegetative colonization from adults not possible, recolonization patterns may more
strongly reflect dispersal mechanisms than typical secondary succession. Propagules are
potentially imported from nearby marshes by floating on tidal currents (Koustaal et al.
1987, Huiskes et al. 1995, Neff and Baldwin 2005), rafting on wrack (Ellison 1987,
Minchinton 2006, Morzaria-Luna and Zedler 2007), and by wind (Neff and Baldwin
2005) and animal dispersal (Charalambidou and Santamaria 2002, Figuerola et al. 2003).
However, most seed dispersal appears to be fairly localized in salt marsh systems (Ellison
1987, Rand 2000, Wolters and Bakker 2002, Wolters et al. 2005). Thus, plant recruitment
in a restored tidal marsh will be limited by the dispersal of propagules from nearby
marshes.
Sherman Marsh, located in Newcastle, Maine, provided an excellent opportunity
to observe recruitment of salt marsh plants in a large restored tidal marsh. The marsh
arose when an earthen dam failed, draining what was once Sherman Lake, and returning
tidal inundation. A tidal creek (approximately 3 km) and marsh (90 ha) were reconnected
to the sea after 70 years of freshwater submersion. Following the restoration, the
substrate was completely bare. However, the site had retained its tidal creek morphology
and peaty high marsh platform characteristic of most salt marshes.
In this study, I documented first-year succession of Sherman Marsh and
investigated if this site experienced limited salt marsh species recruitment. I examined
landscape scale patterns of colonization for recruitment limitation. I hypothesized that
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there would be decreasing colonization with greater distance into the marsh and that key
colonizers would be those of high seed set and the greatest dispersal capabilities.

Methods

Study Site
Sherman Marsh is located along the southern branch of the Marsh River in
Newcastle, Maine (44°00’36” N, 69°35’52” W, Fig. 1.a). The Marsh River is a tributary
to the Sheepscot River which empties into the Gulf of Maine. In 1934, the Maine
Department of Transportation (MeDOT) constructed an earthen dam across the southern
branch of the river at the US Route 1 crossing. Impounded freshwater created a 90 ha
pond, most of which was 0.6-1.2 m deep except in former creek channels which were as
deep as 4.8 m. These conditions supported freshwater aquatic plants and animals for 70
years. The earthen dam and bridge became obsolete when the MeDOT built a modern
bridge in the 1960’s, but the dam remained below the new bridge, maintaining the
artificial pond. An unplanned dam breach in October 2005 associated with a heavy rain
event drained the pond and reintroduced salt water tidal flushing. Areas formerly
submerged in freshwater were left as exposed substrate.
Although submerged for 70 years, the marsh retained its creek system and peaty
high marsh platform. The main creek runs 2.8 km from the Route 1 inlet to the last
transect in this study, in the southern end of the marsh (Fig. 1.b). A smaller side creek
feeds a western branch of the salt marsh. Freshwater enters the system from a perennial
stream on the eastern side as well as smaller streams and seeps. Sparsely developed
residential land borders Sherman Marsh to the east. The remaining undisturbed southern,
western and peninsular upland is owned and protected by the Damariscotta River
Association or the Maine Department of Inland Fisheries and Wildlife.
A salt marsh meadow (~15 ha) along the Marsh River, directly downstream and to
the northwest of the former dam, was used as a reference site (Fig.1b). Vegetation
patterns typical of Maine inland tidal salt marshes (Jacobson Jr and Jacobson 1989)
characterize this marsh. The reference salt marsh and surrounding under-developed forest
are owned and protected by the Sheepscot Valley Conservation Association.
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Sampling Design
Data I collected were for the first year of long-term restoration monitoring.
Therefore, to provide meaningful data on a regional scale, sampling designs follow the
recommendations of the Global Programme of Action Coalition for the Gulf of Maine
(GPAC) (Neckles et al. 2002). I sampled pore water salinity, elevation and vegetation
along 8 transects in the restored marsh and 2 in the reference marsh. To select transect
locations, I divided the marsh into sections every 0.5 km along the main creek. Within
each section, I randomly selected a distance along the creek at which to start the transect
and extended the transect from the creek bank to the upland edge.
Starting at the creek, I placed quadrats (1 m x 1 m) at 1m and 3 m to measure
vegetation in the low marsh zone and then at 15 m and every 15 m thereafter along the
transect to measure the high marsh. For analyses, I assigned plots to zones (low marsh,
high marsh, pool or upland edge) based on elevation data collected in 2007 (see below).
Plots that fell within standing water were assigned “pool” regardless of their elevation. I
was unable to access some plots in the low marsh and pools because sediment would not
support body weight and therefore did not sample them.
I installed salinity wells at 3 - 4 m into the high marsh and then at 1 or 2 plots in
the high marsh along each transect to measure pore water salinity. Wells were usually at a
vegetation sample plot but otherwise no more than 7.5 m away. Wells were constructed
of 1.9 cm (¾”) diameter chlorinated polyvinyl chloride pipe cut to 40 cm in length with 5
pairs of 2 mm holes to capture water at 5 – 30 cm below the surface. The buried end of
each well was closed with duct tape and the top portion was capped with two joined,
removable 90° elbows to allow pressure equalization and prevent rainwater intrusion.
Pore water salinity was also measured in experimental plots at 500 m from the inlet at an
average elevation of 1.48 m, referenced to North American Vertical Datum of 1988
(NAVD88) and reported here for pore water salinity changes over time (see Ch. 2 for
details).
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Environmental conditions
To calculate tidal ranges and mean high water levels pressure transducers
equipped with data loggers were installed above and below the inlet from September 8 to
28, 2006 by the MeDOT. Creek water sampling stations were established at 8 points
upstream of the Route 1 inlet in the vicinity of marsh surface transects and 2 points
downstream of the inlet. To obtain surface water salinities I used a YSI 85 salinity meter
mid-creek at sampling stations every 0.2 m depth. Values reported here are those
recorded on July 4, 2006 (to reflect salinities during the summer and because on this date
I was able to collect data from both reference and restored marshes) at a depth of 0.6 m,
which is the greatest depth recorded at the farthest point into the creek. I extracted water
from salinity wells in August and September, 2006 and measured salinity with a Vee Gee
temperature-corrected handheld refractometer. In summer 2007, I collected marsh surface
elevations using a Topcon HyperLite GPS with a TDS Ranger data collector. For local
rainfall and ambient temperature data I used summary statistics from the Northeast
Regional Climate Center (unpublished data). To evaluate the difference in marsh surface
elevations of the high marsh platform between the reference and restored marshes, I
performed a t-test using Systat (Version 12, 2007).

Vegetation Sampling
I performed vegetation surveys in August 2006. I determined percent cover using
the point-intercept method (Barbour et al. 1987). At each of 50 points I inserted a 1 m
long pin through the vegetation and any plants touching this vertical point received a
“hit”. When no plants were present at a point, I recorded hits by bare ground (bare), dead
plant material (dead), wrack or algae. Percent cover of each species was calculated by
multiplying the number of hits by 2. Because this method allows for layering and total
cover per plot is the sum of each species’ percent cover, total cover can be >100%. In
addition, I recorded the presence of all species occurring in each plot regardless of
whether it was intercepted at any point. Specimens were identified in the field and lab to
lowest possible taxonomic level using Tiner (1987), Haines and Vining (1998) and Crow
et al. (2000). Nomenclature follows the U.S. Department of Agriculture PLANTS
database (USDA unpublished data).
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Plants were categorized by habitat in which they most frequently occur in the
northeast U.S. (Tiner 1987): salt marsh, brackish or freshwater marsh. For plants not
listed in Tiner (1987), I referred to Haines and Vining (1998). I also referenced the
PLANTS database (USDA unpublished data) to obtain additional salinity tolerance
information on plants for which there were data.
Percent plant cover was derived from the measurement of non-plant categories:
100 - ∑ (bare + algae + dead + wrack). Species richness was determined as the number of
species per 1m2 plot. I summed percent cover of each salt, brackish and freshwater marsh
species within every plot. For species present in a plot but with no “hits” I changed its
value from a “0” to a “1%” for representation. To summarize total cover by habitat group
(salt, brackish, or fresh) in each plot, I added the cover of each species of that group. This
accounts for layering so values may be >100%.

Data Analysis
To examine patterns in the plant community data, I performed a non-metric
multidimensional scaling (NMDS) ordination. Rare species occurring in less than 5% of
all plots (i.e. <6 plots) were excluded from analysis. Species cover was arcsine squareroot
transformed. Because this data set (typical of community data sets) contained many
zeros, it did not meet the assumptions of normal distribution, homogeneity of variance,
and linear relationships among variables that are required to perform a parametric
analyses. NMDS is advantageous because it lacks these assumptions (Clarke 1993). The
use of NMDS has been suggested as a powerful tool in restoration ecology for comparing
communities in a restored site to those in a reference site and for visualizing changes over
time (Urban 2006).
I performed a NMDS ordination using Sorenson distance, which is recommended
for community data (McCune and Grace 2002). A random starting configuration was
used, 1000 runs performed with real data and an instability criterion of < 10-5 standard
deviations in stress over the last 20 runs. Fifty runs with randomized data were performed
for Monte Carlo testing. To test for differences between the reference and restored sites, I
used multi-response permutation procedures (MRPP) which is a non-parametric
multivariate test for differences, similar to the parametric multivariate analysis of
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variance (MANOVA)(Biondini et al. 1988). To assess the relative importance of species
in each marsh, I performed an indicator species analysis (ISA) using the method of
Dufrene and Legendre (1997). One thousand randomizations were used for Monte Carlo
testing. These analyses were performed with PC-ORD (ver 4.10 1999, McCune B and
Medford MJ, MjM software).
Using NMDS and data summaries, I explored relationships between vegetation
community patterns and environmental (soil salinity and elevations) and spatial (distance
from the Route 1 inlet and distance along the creek) variables. Pore water salinity was not
analyzed as a product of distance from the inlet because I was not able to collect data at
all locations on the same dates due to the large size of the site and difficulty of access. I
could, however, use salinity values to analyze differences along transects (i.e. creek to
upland edge) because wells within each transect were sampled on the same day. Data
from transect 8 were included in species lists and salinity and elevation results but were
excluded from further analyses. This is because transect 8 was located in the western arm
where an additional tidal constriction precluded comparison to other transects with
respect to distance from inlet.

Results

Environmental conditions
Both marsh surface elevations and tidal signal differed between the restored and
reference marshes. Within the restored marsh, a substantial restriction created an
impoundment behind the former dam that reduced the tidal range to 0.6 m (compared
with the reference marsh range of 3.0 m, Fig. 2). Consequently, the restored marsh had
only a narrow zone of daily flooding (i.e., potential low marsh habitat). Mean high water
(MHW) in the restored marsh was 0.23 m lower than in the reference marsh and mean
low water (MLW) remained 2.2 m above MLW in the reference marsh. High marsh
surface elevations measured in 2007 revealed a marsh profile typical of salt marshes (Fig.
4). However, the restored marsh was an average 8.5 cm lower than the reference marsh
(Fig. 4a).
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In general, both pore water and creek water salinities were lower in the restored
marsh than the reference marsh (Fig. 4b). Values ranged from 0 (transect 8) to 20
(transect 7) over the course of August and September. Pore water salinity correlated
significantly with elevation and distance from creek to upland (Fig. 5). Upstream creek
water salinities measured in July 2006 near the inlet were comparable to those on the
downstream side but then decreased with increasing distance from the dam breach (Fig.
6). In experimental plots located near transect 3, pore water salinities 2 cm below the
marsh surface significantly increased from July – September (Fig. 7). Rainfall was much
higher than normal in May, June and July of 2006 and temperatures slightly higher than
normal (i.e. 30 year average, Table 1).

Species composition
In the restored marsh, first year plant growth covered the high marsh to a
remarkable extent, with an average 67% cover in the high marsh measured in the
vegetation plots (s.d. = 31.8, n= 42, range = 6-100%). By comparison, reference marsh
plots contained an average 98% cover (s.d. = 2.7, n=10, range = 92-100%). In the
restored marsh, low marsh habitats were much lower in cover (10.2% mean cover, s.d. =
20.7, n = 8) compared with the reference marsh (99% mean cover, s.d. = 1.4, n=2). The
upland edge of the restored marsh had 89.2% cover (s.d. = 9.9, n = 5) compared with
100% cover in the reference marsh (n=1). In the reference marsh, I identified 20 species
(Table 2). In the restored marsh, I could not identify all plants to species so I reduced 61
of the 91 plants I observed to yield a conservative species number of 30. For the
remaining plants, I was able to identify 16 taxonomic groups (15 genera, 1 family and 3
growth forms, Table 3). Within these higher taxonomic groups, I was able to identify
some species (Table 4) but because these species could not always be distinguished from
other species within their grouping, they remained grouped for summaries and analyses.
Unidentified plants (those grouped by growth form) represented 2.4% of the total cover
in the survey. Species richness was much higher in the restored marsh with 7.6 species
per m2 (range = 0-20 species) than the reference marsh (3.6 species per m2, range = 1-7
species).

Draft 5/20/2008

8

The species that colonized the restored marsh were plants typical of brackish and
freshwater marshes as well as salt marshes. In the restored marsh, 86% of the species (or
taxonomic group) was assigned to either salt, brackish or freshwater marsh habitat (Table
3). In comparison, the reference marsh contained 15 salt marsh, 4 brackish and 1
freshwater species (Table 2).
There was a distinct difference in plant community composition between the
reference and restored marsh. Three axes of the NMDS ordination explained 76% of the
variation in the data (31%, 30% and 16% on axis 1, 2 and 3, respectively). A final stress
of 15.2 with an instability of 0.0001 was achieved with 194 iterations. The ordination
showed a significant separation of the reference and restored marsh communities (MRPP
chance-corrected within group agreement, A = 0.11, p < 0.00001, Figure 8). In the
ordination, Sp. patens, Sp. alterniflora and Plantago maritima dominated reference marsh
plots while the restored marsh plots were dominated by Typha spp., Eleocharis
acicularis, Juncus spp, Pontederia cordata, and Cyperaceae found in brackish and
freshwater habitats. The restored marsh plots were more diffuse than the reference marsh
plots, reflecting its high between-plot species richness and heterogeneity. Species that
drove the NMDS pattern were also the most appropriate indicator species for the two
marshes with a high indicator values (Table 5). Species well represented in both marshes,
J. gerardii and Sch. maritimus, and, to a lesser extent, Atriplex patula, Triglochin
maritima and D. spicata, dominated plots occurring in intermediate space in the
ordination. Three outlying plots in the reference marsh were from uncommon habitats—
upland edge plot, a panne and one high marsh plot dominated by J. gerardii.

Colonization by salt marsh plants
Among salt marsh species (16% of total coverage in the restored marsh), Juncus
gerardii and Schoenoplectus maritimus were conspicuously abundant, being found in
43% of plots. Nine other salt marsh species were recorded in the survey, although they
were rarer and found only at the first two transects. Atriplex patula, the third most
common species, was recorded in 5% of plots and also observed as a vigorous colonizer.
Two species recorded in the restored marsh but not in the reference marsh were Solidago
sempervirens, which was observed in the reference marsh outside of sample plots and
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Erechtites heiraciifolia. In addition, 3 other salt marsh species—Limonium carolinium,
Glaux maritima and Suaeda maritima—were observed, though also rare, outside
sampling plots.

Freshwater and brackish species
In the restored marsh, many of the abundant species were not found in the
reference marsh nor were they typical plants of salt marshes. Freshwater plants
constituted 63% of the total cover recorded in the restored marsh. E. acicularis was found
forming dense mats (up to 100% cover in some plots) and responsible for 39% of all
freshwater coverage. Juncus spp. and Zizania aquatica represented another 15% and 14%
of total fresh cover, respectively. These species as well as P. cordata seedlings,
Eriocaulon aquaticum, Hypericum mutilatum and Epilobium spp. were all found in at
least 20% of the surveyed plots. Brackish species made up 11% of total coverage and
88% of that was Typha, which occurred in 69% of sample plots. With the exception of
Typha remnants of the freshwater lake growing along the marsh upland edge, all Typha
plants were seedlings. Cyperaceae, of which there are known brackish and freshwater
species, were fairly common and averaged 25% cover per plot.
A die-back of some freshwater plants was observed during the summer. Zizania
aquatica, for example, was found growing in standing water in June and July. It was
mostly dead by the time of the vegetation survey in August. The pools in which it was
growing were observed to be drying or disappearing altogether.

Spatial variation within the restored marsh
There was a clear pattern of decreasing salt marsh plant diversity (Fig. 9) and
cover (Fig. 10) farther from the inlet. Several salt marsh species colonized plots in
transects 1 and 2, and I observed many salt marsh species including Sp. alterniflora, Sp.
patens, Solidago sempervirens, L. nashi, A. patula, and Sa. depressa between transects 2
and 3. However, at transect 3 and beyond, only Sch. maritimus and J. gerardii were
recorded. Transect 3 is located 700 m from the inlet, therefore, these salt marsh plants
colonized approximately ¼ of the distance along the creek from the inlet to the most
distant transect surveyed. Plots sampled in transects farthest from the inlet hosted only
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Sch. maritimus. Juncus gerardii was observed here also but not found within sampling
plots.
Along each transect, from the creek to upland edge, salt marsh plant cover tended
to decrease and were often replaced by freshwater species (Fig. 11). Therefore even
transect 1 and 2, which hosted several salt marsh species in creekward plots, contained
many freshwater plants farther from the creek. Overall percent cover tended to increase
from the creek to the upland. These patterns were also associated with elevation in which
salt marsh plants occupied most of the lower elevations while the cover of freshwater
plants increased with elevation (Fig. 12). Much overlap existed among the three groups.
Distance from the creek and distance from the inlet correlated with the NMDS
axes 1 and 2 but elevation did not (Fig. 13, Table 6). Plant community composition in
plots farthest from the inlet was often most similar (i.e., plots in transects 6 and 7). Plant
community composition in plots at intermediate distances from the inlet (those in
transects 3, 4, and 5) was often similar to each other. Plant community composition along
transects closest to the inlet (1 and 2) were most similar to the reference marsh
community composition.

Discussion
Results of this study demonstrate that although overall plant recruitment was high,
recruitment of salt marsh species was limited. There was a trend of decreasing salt marsh
cover with increasing distance from the inlet and, of the 14 salt marsh species recorded in
the restored marsh, only J. gerardii and Sch. maritimus occurred throughout the marsh. J.
gerardii likely regenerated from a 70+ year old seed bank and Sch. maritimus may have
been dispersed by birds. Most species found in the reference marsh appear to have
arrived by dispersal, including those thought to be of very low seed set such as Sp. patens
and D. spicata. However, they would only have had to disperse a short distance to
colonize areas near the inlet. Among these plants, the annuals, A. patula, and Sa.
depressa appeared to be important colonizers. Spatially, there was a trend of decreasing
salt marsh plant cover and increasing freshwater marsh plant cover from creek to upland.
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The rapid revegetation documented here, as well as the contribution of freshwater and
brackish plants to the revegetation, is atypical of salt marsh restorations.

Environmental factors
The high plant coverage was unexpected for the first year after restoration. This
result suggests that substrate stress was lower than I anticipated. Low to moderate pore
water salinities (0-20 ppt) in the restored marsh suggests that growing conditions in 2006
were similar to a tidal fresh to brackish marsh. There are several reasons for these low
values. The Marsh River Estuary is located several kilometers inland so has reduced
influence from sea water and a greater contribution of freshwater. Surface water salinities
both upstream and downstream of the inlet (12 – 19 ppt) were much lower than full
strength sea water (32 ppt). Heavy precipitation during 2006 contributed to freshwater
input from streams and rainfall onto the marsh surface may have directly reduced salinity
concentrations. A similar phenomenon was shown by Allison (1996) in which seedling
survival and plant establishment of a disturbed salt marsh was highest in the year with
heavy spring rains. In addition, tidal restriction is known to result in decreased salinity
(Roman et al. 1984, Burdick et al. 1997).
The restored marsh surface is presumably flooded by the tides less frequently than
the reference marsh. Tidal signal in relation to marsh surface elevations dictates flooding
frequency and therefore soil aeration and plant community composition (Armstrong et al.
1985). Compared with the reference marsh, MHW is reduced by 23 cm and average
marsh surface elevation is reduced by 8.5 cm.

Salt marsh species recruitment was limited by dispersal constraints
There are various explanations for the absence of salt marsh plants in restored
marshes. High salinity can prohibit seedling germination and survival (Zedler et al.
2003), competitively superior species can exclude salt marsh plants (Konisky and
Burdick 2004), or salt marsh propagules may not have the capability to disperse from
adjacent salt marshes to the restored marsh (Wolters et al. 2005).
Salt marsh species colonizing the restored marsh probably benefited from lower
salinities. Salt marsh plants germinate best in freshwater conditions (Shumway and
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Bertness 1992) and reduced soil salinities in spring provide seeds with an opportunity to
germinate during an escape from salt stress (Hopkins and Parker 1984, Ungar 1991,
Bertness et al. 1992). In Sherman Marsh, low to moderate pore water salinity (5-20 ppt in
transects 1-7) and rapid revegetation of the marsh surface suggests that substrate
conditions did not limit germination and growth of salt marsh plants. Although a low salt
concentration (10 ppt) has been shown experimentally to stimulate growth in Atriplex,
Suaeda and Salicornia species, most salt marsh species show an incremental decrease in
growth with an increase in salinity (Ungar 1991). High species richness and cover (up to
20 species/m2 and 100% cover) in the restored marsh further indicate that conditions
were conducive to growth.
Although salt marsh species occurred in the reference marsh, in most cases
freshwater or brackish species were more abundant, especially relative to the reference
marsh. Competitively superior plants could have excluded salt marsh plant establishment.
Under low salinity conditions, freshwater species have a competitive advantage over salt
marsh species (Emery et al. 2001, Crain et al. 2004, Konisky and Burdick 2004).
Interspecific competition does not seem to strongly influence community composition in
the early stages of revegetation of created salt marshes (Armitage et al. 2006) but
competition regulates establishment in restored freshwater wetlands (Budelsky and
Galatowitsch 2000). In some areas farther from the creek freshwater species quickly
established up to 100% cover (Fig. 12). It is quite plausible that salt marsh plants would
be completely excluded from these areas because of the success of the freshwater plants.
Some areas of the marsh remained bare or with low plant density, providing
uncontested space available for colonization. Neither substrate stress nor competition
explain the absence of salt marsh plants from these areas, which cover an extensive
portion of the marsh surface. Perhaps salt marsh propagules were not present in these
areas and colonization was thus limited by physical dispersal. Most salt marsh plants
were confined to the first 2 transects suggesting that seeds from the adjacent salt marsh
did not disperse beyond this point. Not only were salt marsh species absent from transects
3 - 7 of the survey (except for Sch. maritimus and J. gerardii), they were also never
observed in these areas. In addition, species distribution showed an abrupt end associated
with a 90° bend in the creek between transects 2 and 3 and a hairpin bend at transect 4
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(Figure 1). Theses tight turns offer many opportunities to strand propagules floating on
water or wrack mats containing propagules as wind pushes seeds and wrack into creek
bends (Minchinton 2006). Thus, passage of seeds or wrack further upstream becomes
increasingly improbable. Therefore, in most of areas sampled in the restored marsh, it
appears that species presence may indicate actual dispersal potential of that species.

Salt marsh plants as colonizers
Nine of the 11 salt marsh species in the survey followed a recruitment pattern
consistent with dispersal limitation. Species present in the restored marsh were plants
with various regeneration strategies and seed output (Table 7). The two annuals, A. patula
and Sa. depressa were the most frequently occurring after J. gerardii and Sch. maritimus
although they were only found in 5% of the restored plots. Salt marsh perennials that are
known to colonize bare patches (T. maritima, P. maritima, Sol. sempervirens and D.
spicata, Bertness and Ellison 1987) were also recruited into the restored marsh. In
restoration of a salt marsh in Washington state, A. patula and T. maritima were heavily
recruited to bare space in the first two years after restoration of a formerly dyked
freshwater pasture to tidal salt marsh and continued to colonize available bare patches in
subsequent years (Thom et al. 2002).
The dominate salt marsh grasses Sp. alterniflora and Sp. patens were
conspicuously underrepresented in the restored marsh. Spartina patens was expected to
be a slow colonizer because it has a low seed set and predominance of vegetative
reproduction (Bertness and Ellison 1987). In contrast, these results were unexpected for
Sp. alterniflora, which reproduces both vegetatively and by seed (Bertness and Ellison
1987). My survey may not have represented Sp. alterniflora well because there were only
8 low marsh habitat plots sampled. In areas adjacent to sampling plots I observed many
colonizing Sp. alterniflora individuals and as the summer progressed, its rapid vegetative
expansion. Since the daily intertidal zone is severely reduced (with a low tide level 2.3 m
higher than in the reference creek) perhaps a narrow zone of Sp. alterniflora can be
expected at the restored marsh.
Although first year cover by most salt marsh species was low and occurrence was
infrequent, these rare founder plants provide an important seed source. Studies of primary
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succession demonstrate the importance of seed rain and vegetative expansion from early
arrivals (Castellanos et al. 1994, Chapin et al. 1994). Thus, these plants will probably
contribution to future establishment on this marsh.
The timing of the dam breach (October) may have affected the import of
propagules for this first year’s growth because propagule dispersal can vary seasonally
(Wolters et al. 2005, Morzaria-Luna and Zedler 2007). An October dam breach may have
disproportionately affected certain species if their propagules tend to disperse by water in
the summer or early fall. Because this timing does not affect wrack movement, which
does not disperse until spring when dead stems break away from the marsh surface, there
could be a bias for plants whose propagules travel on wrack.

Juncus gerardii and Schoenoplectus maritimus were key colonizers
The abundance and wide distribution of Sch. maritimus and J. gerardii shows
that dispersal was not a limiting factor for these species. The dominance of these two
species is also unique to this restoration. Many restorations report that Salicornia spp. or
Sp. alterniflora dominate recruitment with perennials colonizing in later years. For
example, Sinicrope et al. (1990) documented that after 12 years a restored marsh in New
England contained 48% Sp. alterniflora coverage, 5% Salicornia colonization (on
otherwise bare areas) but only 2% J. gerardii and 3% Sp. patens. This may be due to
inhibited germination of Juncus seeds at seawater concentration (Ungar 1991).
Juncus gerardii, recorded up to 90% cover per meter, was patchily distributed
throughout the marsh. I observed that some areas had 100% coverage, resulting in a thick
lawn-like appearance. Juncus gerardii is the only salt marsh plant to maintain a longterm, persistent seed bank (Shumway and Bertness 1992, Thompson et al. 1997, Wolters
and Bakker 2002, but see Hartman 1988). It is also known to dominate the soil seed bank
(Jerling 1983, Hutchings and Russell 1989). Therefore it is probable, given its wide
distribution, that these individuals regenerated from seeds buried in the pond sediments
for over 70 years. If so, then its pattern of emergence may be a reflection of its
distribution over 70 years ago, before the marsh became submersed.
The coverage of J. gerardii in the restored marsh is consistent with that in
brackish and tidal fresh marshes (20-30% and 15%, respectively, Crain et al. 2004). J.
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gerardii is reported to facilitate the growth of other species (Bertness and Yeh 1994,
Konisky and Burdick 2004) by decreasing soil salinity and increasing oxidation (Bertness
and Hacker 1994), which has important implications for the recovery of marsh
communities in subsequent years.
Schoenoplectus maritimus was recorded at all transects in the restored marsh.
Although Sch. maritimus was not recorded here before the dam breach, it was possibly an
established species in the shallow sections of the freshwater pond. It is known to occur in
brackish and freshwater marshes as well as salt marshes (Haines and Vining 1998) and
has an abundant seed bank (Grillas et al. 1993). In other regions, Sch. maritimus is a
colonizer in primary succession on newly exposed, anoxic mudflats in brackish habitats
(Hutchinson 1982) and it dominates salt marsh low marsh (e.g. the Doñana salt marsh in
southwest Spain, Espinar et al. 2005). It is not known if Sch. maritimus could have
regenerated from seeds buried in sediments for 70 years. In several studies, Sch.
maritimus did not represent well in the seed bank (e.g., Jerling 1983, Espinar et al. 2005)
nor did its seeds seem viable from wrack samples. However, lack of positive results may
be an artifact of germination methods because it requires submersion to germinate. Other
studies have reported Sch. maritimus to have a persistent seed bank (Thompson et al.
1997).

Freshwater and brackish marsh species contributed to rapid revegetation
The rapid revegetation of the bare marsh substrate and heavy contribution of
freshwater species was surprising. Slow transitions from bare substrate to vegetated
marsh in salt marsh restorations have been reported (e.g. Sinicrope et al. 1990, Burdick et
al. 1997). However, Eertman (2002) documented recovery of mudflats in a brackish
marsh within 5 years and Bertness and Ellison (1987) showed that bare patches in the J.
gerardii zone closed in only 2 years compared with 3 years in the Sp. patens zone. This
suggests that relatively brackish habitat does not have the same revegetation challenges
presented to fully saline habitats.
Typha seedlings contributed heavily to the revegetation of the marsh. Both T.
angustifolia and T. latafolia were growing in dense stands around the upland edge before
the restoration. Typha emerged from seed (no rootstock present) in areas formerly
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submerged. There was likely a large seed input by Typha into the pond sediments. Typha
was absent near the tidal creek, probably because consistently higher salinities were
beyond its germination tolerance. Prevalence of Typha is common in restored brackish
waters and also in restricted salt marshes (Roman et al. 1984, Sinicrope et al. 1990).
While fairly low pore water salinities allowed freshwater communities to flourish,
the dominance of particular plants can be explained by the site’s recent history. Those
occurring in over 25% of sample plots (as well as others) were all aquatics present in the
former pond. These plants regenerated from rootstock or from seed produced by adult
plants that had been in the marsh (Juncus spp., E. acicularis, Pontederia, Zizania,
Nyphaea, Eriocaulon, and Sagittaria). Seeds that had accumulated on the submerged
marsh surface likely remained dormant until draining enabled their germination after the
loss of the pond.
Plants found usually in freshwater habitats often have some salinity tolerance. For
example E. acicularis, J. canadensis, J. effusus, P. cordata, Zizania aquatica and
Lycopus spp. have low to medium salt tolerance (USDA unpublished data). Also, some
plants categorized in this study as “freshwater” habitat are secondarily found in brackish
or salt marsh edge habitats. Although these species can tolerate salinity stress they are
likely not found in saline habitats because they are poor competitors in such an
environment (Konisky and Burdick 2004). In this first year, competition likely did not
play a strong role however, these species will eventually be replaced by competitively
superior species in a brackish environment such as Typha.
Other conditions generated by the large disturbance that were not measured in this
study may have been conducive to plant growth such as increased nutrient and light
availability and release from competition. Die-back of non salt-tolerant vegetation can
generate a nutrient pulse (increased N and P mineralization) in restored marshes, which
can stimulate plant growth (Portnoy and Giblin 1997). Nutrient availability, which varies
across zones in typical salt marshes (Theodose and Roths 1999), is known to benefit plant
growth and alters competitive interactions (Levine et al. 1998, Emery et al. 2001).
Additionally, bare substrate allows full exposure to sunlight which results in greater
seedling emergence (Bakker and Devries 1992, Rand 2000) and an escape from
competition (Bertness et al. 1992).
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The die-back of freshwater aquatics over the course of the summer was possibly
associated with the observed drying of the surface pools. For example, Z. aquatica was
growing in shallow water on or near transect 4 early in the summer. At the time of the
survey, most Z. aquatica recorded in transect 4 were already dead and the substrate no
longer held standing water. Pore water salinity increases over the summer likely also
stressed plants who were at their tolerance threshold.

Future considerations
Sherman Marsh is still a tidally constricted marsh and plans are underway to
increase the tidal flow in summer 2008. Increased flooding of the high marsh platform
will change the patterns of vegetation. Conditions at higher elevations (toward the
upland) will likely resemble 2006 conditions nearer the creek. Therefore, freshwater
plants would be excluded and salt marsh plants favored. Revegetation after this
construction will require an assemblage of plants that can tolerate these conditions.
However, evidence of dispersal constraints suggest that colonization in the far reaches of
the marsh will take years. Plants from a local source may need to be introduced into the
marsh to facilitate recovery of a full assemblage of species.
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Tables and Figures

rainfall (cm)
2006 normal
April
5.94
10.77
May
18.47
10.16
June
18.29
9.09
July
12.19
7.90
August
6.48
6.99

ave. temp. (°C)
2006 normal
7.7
6.4
13.1
12.6
18.1
17.2
21.6
20.3
18.4
19.5

Table 1. Rainfall and average temperature this growing season compared with normal (30
year average). Source: Northeast Regional Climate Center.
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Table 2. Species sampled in the reference marsh by the habitat in which species is most
commonly found according to Tiner (1997), ordered then by frequency of occurrence (#
plots/total plots). Percent cover is average percent cover within reference marsh plots.
Life span refers to annual (ann) or perennial (per). Growth form: gr = graminoid, fb =
forb, ss = sub-shrub. Wetland status: OBL=obligate wetland species, FACW=facultative
wetland, FACU=facultative upland. “+” indicates tendency toward more wetland
occurrences. Life span, growth form and wetland indicator from PLANTS National
Database (USDA unpublished data).
Habitat
Saltmarsh

Species
Spartina patens (Ait.) Muhl
Schoenoplectus maritimus (L.) Lye
Spartina alterniflora Loisel
Plantago maritima L.
Triglochin maritima L.
Distichlis spicata (L.) Greene
Atriplex patula L.
Juncus gerardii Loisel
*Agalinis maritima (Raf.) Raf.
*Salicornia depressa Standl.
*Limonium carolinianum (Walt.) Britt.
*Elymus repens (L.) Gould
*Ruppia maritima L.
*Eleocharis parvula (Roemer & J.A. Schultes)
Link ex Bluff, Nees & Schauer
*Juncus arcticus Willd.
Brackish marsh
*Symphyotrichum novi-belgii
*Agrostis stolonifera L.
*Schoenoplectus pungens (Vahl) Palla
*Cyperus filicinus Vahl
Freshwater marsh *Calystegia sepium (L.) R. Br.

species
code
% frequency % cover lifespan
SPAPAT
85
77
per
SCHMAR
60
17
per
SPAALT
35
51
per
PLAMAR
30
32
per
TRIMAR
20
34
per
DISSPI
20
15
per
ATRPAT
20
10
ann
JUNGER
15
47
per
AGAMAR
10
15
ann
SALDEP
10
8
per
LIMCAR
10
4
per
ELYREP
5
76
per
RUPMAR
5
24
per
ELEPAR
5
2
ann/per

growth
form
gr
gr
gr
fb
gr
gr
fb
gr
fb
fb/ss
fb
gr
fb
gr

wetland
indicator
FACW+
OBL
OBL
FACW
OBL
FACW+
FACW
FACW+
FACW+
OBL
OBL
FACUOBL
OBL

JUNARC
SYMNOV
AGRSTO
SCHPUN
CYPFIL
CALSEP

gr
fb
gr
gr
gr
vine/fb

FACW+
FACW+
FACW
FACW+
OBL
FACU-

5
5
5
5
0.0
5

2
34
4
2
0
30

per
per
per
per
ann/per
per

*Rare plants excluded from NMDS.
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Table 3. Species sampled in the restored marsh by habitat in which species is most
commonly found according to Tiner (1997), ordered then by % frequency (# plots/total, n
= 65). Percent cover is average percent cover within Sherman marsh per plot. Life span
refers to annual (ann) or perennial (per). Growth form: gr = graminoid, fb = forb, ss =
sub-shrub. Wetland status: OBL=obligate wetland species, FACW=facultative wetland,
FACU=facultative upland. + indicated tendency toward more wetland occurrences. Life
span, growth form and wetland indicator from: PLANTS National Database (USDA
unpublished data). Species for which there is more information given in Table 4 are
bolded.
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Habitat
Saltmarsh

Species
Juncus gerardii Loisel
Schoenoplectus maritimus (L.) Lye
Atriplex patula L.
*Salicornia depressa Standl.
Distichlis spicata (L.) Greene
Triglochin maritima L.
*Erechtites hieraciifolia (L.) Raf. Ex DC.
Spartina patens (Ait.) Muhl
Plantago maritima L.
*Solidago sempervirens L.
Spartina alterniflora Loisel
†
Typha sp.
Brackish marsh
*Agrostis stolonifera L.
*Schoenoplectus tabernaemontani (K.C.
Gmel.) Palla
†
Freshwater marsh Juncus sp.
†
Eleocharis acicularis Roemer & J.A.
Schultes
†
Pontederia cordata L.
Zizania aquatica L.
Hypericum mutilum L.
Eriocaulon aquaticum (Hill) Druce
Epilobium sp.
†
Sagittaria sp.
Leersia oryzoides (L.) Sw.
Lythrum salicaria L.
†
Dulichium arundinaceum (L.) Britt.
Ludwigia palustris (L.) Ell.
Betula sp.
Bidens cernua L.
*Triadenum virginicum (L.) Raf.
Eleocharis ovata (Roth) Roemer & J.A.
Schultes
*Galium sp.
*Spiraea sp.
*Callitriche palustris L.
*Lycopus sp.
*†
Nymphaea odorata Ait.
*Elantine sp.
*†
Viola sp.
*Hypericum ellipticum Hook.
*Sphagnum sp.
*†
Onoclea sensibilis L.
*Echinochloa muricata (Beauv.) Fern.
*Sparangium sp.
Cyperacea
undefined
forb
Polygonum sp.
moss
*graminoid
*Solidago sp.
*Eleocharis sp.

species
code
JUNGER
SCHMAR
ATRPAT
SALDEP
DISSPI
TRIMAR
EREHIE
SPAPAT
PLAMAR
SOLSEM
SPAALT
TYPSPP
AGRSTO
SCHTAB

%
frequency
43
43
5
5
3
3
2
2
2
2
2
69
8
5

% cover
48
32
50
2
7
4
8
4
2
0
0
29
21
6

lifespan
per
per
ann
per
per
per
ann
per
per
per
per
per
per
per

growth
form
gr
gr
fb
fb/ss
gr
gr
fb
gr
fb
fb
gr
gr
gr
gr

wetland
indicator
FACW+
OBL
FACW
OBL
FACW+
OBL
FACU
FACW+
FACW
FACW
OBL
OBL
FACW
OBL

JUNSPE
ELEACI

54
52

41
85

ann/per

gr
gr

OBL
OBL

PONCOR
ZIZAQU
HYPMUT
ERIAQU
EPISPE
SAGSPE
LEEORY
LYTSAL
DULARU
LUDPAL
BETSPE
BIDCER
TRIVIR
ELEOVA

40
35
22
22
20
18
17
14
12
11
11
9
9
9

9
56
20
13
6
6
45
6
4
41
4
57
33
6

fb
gr
fb
fb
fb
fb
gr
ss/fb
gr
fb
tr
fb
fb
gr

OBL
OBL
FACW
OBL
OBL
OBL
OBL
FACW+
OBL
OBL
—
OBL
OBL
OBL

GALSPE
SPISPE
CALPAL
LYCSPE
NYPODO
ELASPE
VIOSPE
HYPELL
SPHSPE
ONOSEN
ECHMUR
SPASPE
CYPERA
FORB
POLSPE
MOSS
GRAM
SOLSPE
ELESPE

9
8
6
6
6
6
3
3
2
2
2
2
58
58
18
14
8
5
2

3
9
12
6
5
3
23
18
80
6
2
2
25
15
20
8
8
0
8

fb

OBL
FACW
OBL
OBL
OBL
OBL
—
OBL
—
FACW
FACW+
OBL
—
—
—
—
—
—
—

per
ann
per/ann
per

per
per
per
per
ann
per
ann

per
per

per
per
ann

fb
fb
fb
fb
fb
fb
nv
fb
gr
fb
gr
fb
fb
nv
gr
fb
gr

*Rare plants excluded from NMDS. †Species recorded at restored site before dam breach
or just after.
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Table 4. Additional species identified in sample plots. Plant taxonomic groups contain
these species listed, but may not be limited to these species. Habitat: F = freshwater
marsh, B = brackish marsh.
Genus
Typha

Species
latifolia L.
angustifolia L.
xglauca Godr. (pro sp.)
[angustifolia x latifolia]
canadensis J. Gay ex Laharpe
Juncus
effusus L.
Epilobium ciliatum Raf.
†
populifolia Marsh.
Betula
tinctorium (L.) Scop.
Galium
†
tomentosa L.
Spiraea
uniflorus Michx.
Lycopus
americanus Muhl. Ex W. Bart.
Viola
macloskey ssp. pallens
Persicaria maculosa L.
Cyperaceae
scoparia Schkuhr ex Willd.
Carex
paleacea Schreb. Ex Wahlenb.
Carex
utriculata Boott
Carex
lupulina Muhl. Ex Willd.
Carex
pseudocyperus L.
Carex
†
cyperinus (L.) Kunth
Scirpus
atrocinctus Fern.

Draft 5/20/2008

habitat
B
B

duration
per
per

growth
form
fb
fb

wetland
status
OBL
OBL

B
F
F
F
F
F
F
F
F
F
F

per
per
per
per
per
per
per
per
per
per
ann/per

fb
gr
gr
fb
tr
fb
sh
fb
fb
fb
fb

OBL
OBL
OBL
FACFAC
OBL
FACW
OBL
OBL
OBL
FACW

B
B
F
F
F
F
F

per

gr
gr
gr
gr
gr
gr
gr

FACW
OBL
-OBL
OBL
FACW+
FACW+

per
per
per
per
per
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Table 5. Results of Indicator Species Analysis for each restored and reference marshes.
Indicator values (IV) given for each marsh. Species and values in bold type indicate
p<0.05 (Monte Carlo test of significance). Plant codes and names given in Tables 2 and
3.
species
TYPSPP
ELEACI
JUNSPE
CYPERAC
PONCOR
FORB
ZIZAQU
JUNGER
ERIAQU
EPISPP
HYPMUT
LEEORY
POLSPE
SAGSPE
MOSS
BETSPE
DULARU
LUDPAL
LYTSAL
BIDCER
ELEOVA
SPAPAT
SPAALT
SCHMAR
PLAMAR
TRIMAR
DISSPI
ATRPAT

restored
67
55
50
43
42
35
35
26
22
20
20
18
15
15
13
12
12
12
12
10
10
0
0
20
0
0
0
2
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reference
0
0
0
0
0
0
0
6
0
0
0
0
0
0
0
0
0
0
0
0
0
85
35
30
30
19
18
10
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Table 6. Pearson correlations (r) of environmental variables with NDMS axes.
distance from inlet
distance from creek
elevation

Axis 1
0.499
0.470
0.319

Axis 2
-0.531
-0.209
-0.187

Axis 3
-0.204
-0.119
-0.177

Table 7. Seed characteristics of some salt marsh plants observed in the reference marsh. T
= transient, STP = short-term persistent, LTP = long-term persistent. a.Hutchings and
Russell 1989, b. Jerling 1983, c. Wolters and Bakker 2002, d. Thompson et al 1997, e.
Hartman 1988, f. Baldwin et al 1996, g. Espinar et al 2005, h. Minchinton 2006, i.
Wolters et al 2005, j. Huiskes et al. 1995, k. Koustaal et al 1987, l. Figuerola 2003.
seed
output
Juncus gerardii

a

high

seed
bank
LTP

b,c,d

dispersal mechanisms
waterij
h

wrack

absente,f

Spartina alterniflora

absente,f

Y

Distichlis spicata

absente

Y

Scirpus maritimus

absentb, Tg, Pd
higha

Atriplex patula
Plantago maritima
Salicornia europeae

higha

Y

≥ 6 month

LTPe

Y

≥ 3 month (congeners)

STP
Y

≥ 1 day

Y
Y

Y
1-2 weeks

Suaeda maritima
Glaux maritima

STP
Y

Carex sp.(unk)
Eleocharis parvula

Draft 5/20/2008

wind

2-3 weeks (fruit)

Aster subulatus
Solidago sempirvens

l

Y

STP

T

animal

Y

Spartina patens

Triglochin maritima

k

(floating time )

STP
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Reference marsh transects

2222

Restored marsh transects
Water sampling point

21
21

Dam breach

te 1
US R ou

1

1

22

3

3

4

4

5

8

5

8

6

6

7

7

N

Figure 1. a. Location of the Sheepscot River estuary, Newcastle, Maine. b. Transect
locations in Sherman Marsh (restored site) and the Marsh River Marsh (reference site).
Restored site defined by the area upstream (south) of the dam breach under the US Route
1 bridge. The reference marsh is located downstream (north) of Route 1. Transects,
indicated here with dotted lines, were for vegetation, elevation and pore water salinity.
Open circles indicate water sampling sites for surface water salinity. Map was modified
from a 2003 orthophoto when the site was a pond.
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2.5
2

Elevation (m)

1.5
1
0.5
0
-0.5
-1
-1.5
-2

9/8

9/13

9/18

9/23

9/28

Figure 2. Comparison of tidal ranges upstream (restored, thick line) and downstream
(reference, thin line) at the marsh inlet. Data recorded September 8 – September 28, 2006
(MeDOT).
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2.5

spring tide level
mean high water
mean low water

elevation (m)

2.0

1.5

1.0

0.5

creek

upland

Figure 3. Marsh profile: elevations in Sherman Marsh from creek to upland where each
point represents the elevation at a vegetation plot. Spring tide level (maximum measured
water level), mean high water and mean low water are calculated from data collected 8
September – 28 September 2006. Elevation values are referenced to the North American
Vertical Datum of 1988 (NAVD88).
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Elevation (m)

a

salinity (ppt)

1.8

b

1.7
1.6
1.5

20

10

0

reference

restored

Figure 4. a. Pore water salinity and elevation in the reference vs. restored marshes.
Average pore water salinities were significantly reduced in the restored marsh (n = 19)
compared to the reference marsh (n = 5, Students t-test p = 0.002). b. Marsh surface
elevations of high marsh vegetation plots in the restored marsh (n = 41) were lower than
the reference marsh (n = 7, Student’s t-test p = 0.011, df = 46). Errors bars are +/- 1
standard deviation. Elevation values are referenced to the NAVD88.
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30

salinity (ppt)

a

20

10

0
1.3

1.5

1.7

elevation (m)

salinity (ppt)

30

b
20

10

0

0.2

creek

0.4

0.6

0.8

1.0

Figure 5. a. Pore water vs. elevation and distance along transects. b. Open circles indicate
restored marsh; filled circles indicate reference marsh. (a) A negative correlation existed
between elevation and salinity within each marsh (Pearson’s correlation, r = -0.881, t =
6.964, p < 0.0001 and r = -0.939, t = 4.722, p = 0.018 in the restored and reference
marsh, respectively). (b) Within the restored marsh, salinity correlated significantly with
distance from creek to upland (r = -0.656, t= 3.476, p = 0.003) but was not significant
within the reference marsh (r = -.0794, t = 2.265, p = 0.108.
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1.2

upland

34

20

salinity (ppt)

15

10

5

0

0

1

2

distance from inlet (km)

3

Figure 6. Creek water salinity July 4, 2006 at a depth of 0.6 m. Filled circles indicate
sampling sites downstream of the dam breach (reference marsh, negative distances) and
open circles indicate restored marsh sites.

salinty (ppt)

30

20

10

0

Jul 16 Jul 31

Aug 21

Sep 21

Figure 7. Change in pore water salinity during 2006 in the restored marsh. Salinity
increased significantly over time (repeated-measures ANOVA, df = 3, F = 41.4, p <
0.0001). Values are from experimental plots located between transects 2 and 3 (n = 42).
Error bars represent +/- 1 standard deviation.
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SPAALT
SPAPAT

PLAMAR

DISSPI

ATRPAT

Axis 2

TRIMAR

SCHMAR

MOSS BETSPE
PONCOR LUDPAL
ERIAQU
JUNSPE
BIDCER
HYPMUT
TYPSPP
FORB DULARU
CYPERAC
POLSPE
LYTSAL
ELEACI
ZIZAQU LEEORY
SAGSPE

JUNGER

Axis 1
Figure 8. NMDS ordination of plant species cover by site. Filled circles indicate
reference plots and open circles restored. Reference plots are separated on axes 1 and 2
from plots in the restored marsh. Plant species scores calculated by weighted averaging
are plotted. Plant species codes are listed in Tables 2 and 3.
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average percent cover

150

reference

restored

RUPPIA
AGAMAR
DISSPI
TRIMAR
ATRPAT
PLAMAR
SPAALT
SPAPAT
SCHMAR
JUNGER

100

50

0
-1

0

1

2

distance from outlet (km)

3

Figure 9. Average percent cover of the ten most commonly occurring salt marsh plants
within each transect in the reference and restored marshes. Each bar height represents the
sum of species averages. Species codes are in Tables 2 and 3.
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100

salt

80
60
40

% of total cover

20
100

brackish

80
60
40
20
100

fresh

80
60
40
20
0

0

1

2

3

Distance from inlet (km)
Figure 10. Cover by each habitat group as a percent of the total plant cover at each
transect. Filled bars indicate reference marsh transects; empty bars are restored marsh
transects.

Draft 5/20/2008

38

salt

120
90

% cover

60
30

brackish

120
90
60
30
120
90
60
30

fresh

0.0

0.2

creek

0.4

0.6

0.8

1.0

upland

Figure 11. Variation in cover by each habitat group along transects from creek to upland
edge in the restored marsh. Distance along the transect was standardized to fall between 0
and 1. These relative distances were divided into ten segments. Bars represent average
cover by habitat group per segment. Error bars represent +/- 1 standard error.
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300

salt
brackish

% cover

fresh
200

100

0

1.0

1.5

elevation (m)

2.0

2.5

Figure 12. Percent cover by each habitat group in the restored marsh as a function of
elevation. The high marsh platform corresponds to 1.4-1.8 m. Each point represents the
habitat % cover sum within a plot (therefore there may be up to three points for one plot
corresponding to each salt, brackish and fresh). Elevation is referenced to NAVD88.
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Axis 2

Transect
1
2
3
4
5
6
7
21
22

creekdis

inletdis

Axis 1
Figure 13. NMDS ordination of plant species cover by transect. Filled symbols are
reference plots. Vectors indicate magnitude and direction of correlations of the ordination
with distance from the inlet (“inletdis”) and distance from the creek (“creekdis”).
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CHAPTER 2

The role of wrack in colonization of restored salt marshes
Introduction
Direct anthropogenic impacts on salt marshes constitute disturbance of greater
scale than is typical in intact (extant) systems. Salt marsh plants have regeneration
strategies adapted to colonize small bare patches (< 50 m2) generated by ice scour and
wrack deposition (Bertness and Ellison 1987). Construction to restore historic hydrology
at impacted sites marks the beginning of succession of the salt marsh community.
However, results of some restorations demonstrate that colonization is unlike succession
of typical bare patches of salt marshes. The challenges of restored sites to recruit a full
assemblage of salt marsh species result from dispersal constraints and stressful edaphic
factors that limit seedling emergence.
Revegetation of salt marshes lacking halophytes or a corresponding seed bank
requires seed recruitment from outside, intact salt marshes. However, salt marshes are
seed limited (Rand 2000) perhaps because vegetative reproduction plays a larger role in
colonization of disturbance patches than does seed recruitment (Bertness and Ellison
1987, Hartman 1988, Ewanchuk and Bertness 2004b). Salt marshes have a 10-fold lower
seed bank density than freshwater marshes (Hopkins and Parker 1984, Hartman 1988,
Rand 2000) and most species have a transient seed bank (Hutchings and Russell 1989).
Several graminoid species, such as Distichlis spicata and Spartina patens, propagate
almost exclusively through rhizomes and have very low seed abundances. By contrast,
annual forbs, such as Salicornia depressa and Atriplex patula, reproduce only through
seeds. Other salt marsh graminioids, such as Juncus gerardii and S. alterniflora,
reproduce by both seeds and rhizomes (Bertness and Ellison 1987). Juncus gerardii and
Plantago maritima also show very high seed output (Hutchings and Russell 1989). Salt
marsh species also differ in how their diaspores are dispersed. Most seeds do not disperse
far from the parent plant (Ellison 1987, Rand 2000, Wolters et al. 2005). However, seeds
that float may be further dispersed by water (Koustaal et al. 1987, Huiskes et al. 1995),
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others may be dispersed by animals (Charalambidou and Santamaria 2002), wind (Neff
and Baldwin 2005) or wrack transport (Ellison 1987, Minchinton 2006). These
differences in reproduction and dispersal probably influence how well particular species
colonize restored marshes.
The pioneering plants also must have a tolerance for conditions commonly
encountered in newly restored salt marshes, including exposed surface, altered sediment
composition (Handa and Jefferies 2000) and sediment chemistry (Portnoy and Giblin
1997). In the absence of shade from vegetation, substrate desiccates and results in
hypersalinity (Bertness 1991). Likewise, the lack of vegetation contributes to low
sediment oxygen (Howes et al. 1981). Seedlings have low survival on exposed substrate
after disturbance although, once established, they may expand quickly (Allison 1996).
Species differ in how well their seedlings can tolerate different stresses; stress tolerators
may be better colonizers of restored marshes, as they are in small-scale natural
disturbance (Bertness et al. 1992).
In New England salt marshes, wrack is a natural agent of disturbance. Mats of
wrack stranded on the high marsh cause die-back of underlying vegetation and create a
bare patch where secondary succession may ensue (Bertness and Ellison 1987, Hartman
1988, Tolley and Christian 1999). Wrack is also a vehicle for seeds from neighboring
marshes (Ellison 1987, Minchinton 2006, Morzaria-Luna and Zedler 2007). Some
species, such as Salicornia, have seeds adapted to cling to wrack (Ellison 1987) but many
other species have also been found in wrack samples such as Sa. depressa, S. alterniflora,
J. gerardii, D. spicata, Solidago sempervirens, Atriplex patula, Iva frutescens and
Phragmites australis (Minchinton 2006, Morzaria-Luna and Zedler 2007). Wind
direction and strength has greater influence on wrack travel than do tidal currents and has
been shown to move wrack up to 2.6 km/hour. While some propagules have floatation
times of only days to weeks (Koustaal et al. 1987), wrack will stay afloat until stranded
on the high marsh, where establishment can occur. Additionally, studies have shown that
wrack reduces soil salinity and increases plant biomass (Pennings and Richards 1998). In
New England salt marshes, wrack has a positive effect on the emergence of Sa. depressa,
A. patula and Aster seedlings (Brewer et al. 1998). Wolters and Bakker (2002) suggested
spreading wrack material on restored marshes as a means of accelerating the process of
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revegetation. Because wrack can travel several kilometers in one tidal cycle and because
seeds and plant parts remain afloat for long periods of time (Minchinton 2006), rafting on
wrack may offer the greatest potential for inter-marsh dispersal of many salt marsh
species.
While studies have shown that wrack carries propagules and increases seedling
emergence, no study has quantified its potential to drive colonization of restored salt
marshes. This study investigates the role of wrack in the colonization of a restored salt
marsh that presumably lacks salt marsh plants and a seed bank. I experimentally
simulated wrack deposition to test its ability to provide a seed source and its ability to
enhance seedling emergence and survival by ameliorating substrate stress.

Methods
To experimentally simulate wrack deposition, I selected unvegetated sites within
the high marsh zone. Because vegetation was already rapidly colonizing much of the high
marsh by mid-June, I was limited to selecting locations just above the observed mean
high water line, which was bare to sparsely vegetated, approximately 500 m from the
dam breach (Fig. 1). On June 15, 2006, I placed 45-0.5m x 0.5m plots. To minimize
environmental heterogeneity between treatments, I randomly assigned one of three
treatments to each plot within a set of three plots: natural wrack, straw and control.
I collected natural wrack from the Marsh River. I gathered free-floating wrack
mats or those recently stranded at the high tide line into trash bags and applied the
treatment that same day. Straw was autoclaved for 1 hour at 235° C in an autoclave to
ensure that no additional seeds were introduced. I applied wrack and straw to a depth of <
5 cm such that an estimated 5% substrate could be seen from above. To secure straw and
wrack to the marsh surface I covered plots with jute netting with a mesh size of 1.5 cm x
2.0 cm (3/5” x 4/5”) and pinned it to the ground with bamboo stakes. The control plot
was only covered with jute netting.
To measure seedling emergence, I counted seedlings in each plot four times
during the growing season (July 16, July 30, August 21 and September 21) and identified
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seedlings. I was unable to count J. gerardii individuals because clonal tufts of different
individuals merged together, sometimes forming a lawn of cover. Therefore, I visually
estimated J. gerardii cover and analyzed these data separately.
In each plot I measured pore water salinity, soil temperature, moisture content,
organic matter content, and available nitrogen (NH4-N). Salinity wells were constructed
from PVC pipe (15 cm long, 1.3 cm (½”) internal diameter). I drilled holes at 8.5 cm
from the bottom and closed both ends with # 0 rubber stopper. I placed the wells such
that the holes were submerged 2 cm below the sediment surface. At each visit, I collected
water from wells to measure salinity with a Vee Gee temperature-corrected optical
refractometer (+/- 1 ppt accuracy). In July, I measured temperature with a thermometer
(+/- 0.5°C accuracy). In September 2006 I collected soil cores using a 2.9 cm (1 1/8”)
diameter soil corer (Wild Co. Instruments, Inc.). I weighed the top 5 cm of each sample
using a balance, dried them for one week at 60°C and reweighed them to obtain moisture
content (as in Bertness and Ellison 1987). To measure organic matter (OM), I used the
loss on ignition (LOI) method (Storer 1984). I incinerated a dried, homogenized a 1 g
subsample of the soil core in a muffle furnace at 450°C for 7 hours. To calculate OM
content I used the formula: OM (%) = (dry weight-ash-free weight)/dry weight x100. To
measure plant-available nitrogen (ammonium), I placed 30 g cation-exchange resin beads
(Sigma-Aldrich) in nylon stocking bags which I then buried 2 cm below the surface in
each plot in mid June 2006. I removed resin bags in mid October 2006 and dried,
weighed and eluted resins in a 2N KCl solution for 18 hours. I sent the eluant to the
Maine Soil Testing Service at University of Maine’s soil science lab for NH4-N by
colorimetric analysis.

Data analyses
Juncus cover was arcsine squareroot transformed to promote normal distribution.
I used MANOVA to analyze % Juncus cover and seedling count because measurements
were taken four times during the growing season. I used ANOVA to test for differences
in salinity between treatments and over time. I tested for differences in temperature, soil
moisture, OM, and available N among treatments using one-way ANOVA. I explored
causes of variance in Juncus cover not explained by treatments using regression analyses.
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I looked for relationships between % Juncus cover on the final sampling date and biotic
(species richness) and abiotic factors. All statistical analyses were performed with Systat
(version 12, 2007).

Results
Seedling emergence
Fourteen species emerged in the study plots (Table 1). Seedlings included salt
marsh species occurring in the adjacent marsh as well as some brackish species. Juncus
gerardii dominated, appearing in 96% of plots. 30 plots had at least one additional
species emerging. Schoenoplectus maritmus and Spartina alterniflora also occurred
frequently (24% and 16% of the plots, respectively). Number of species in each plot
ranged from 1 – 5. Of these, six are known to have viable propagules in wrack. Two
species that were absent in the plots but do travel on wrack are Distichlis and Triglochin.
There were no significant trends in abundance or distribution of species among
the treatments (Fig. 2.a, Table 2). Seedling counts ranged from 0 – 39. However, there
was a significant affect of time on seedling count. Number of seedlings did not differ
among treatments.

Juncus gerardii response
Cover by wrack and straw suppressed Juncus growth. Coverage by Juncus was
four times greater in the bare plots than in wrack or straw plots (Fig. 2.b). There was a
significant treatment and time x treatment effect (Table 2). Juncus cover was highly
variable and could not be explained exclusively by treatment. For example, in one
anomalous set, Juncus cover was 60% in both wrack and straw treatments (97% in
control). All treatments had at least one plot in which Juncus was absent and Juncus
cover ranged up to 100% (bare) and 60 % (both wrack and straw). End of season Juncus
cover correlated negatively with moisture content (Pearson’s correlation, r = -0.373, p =
0.012) but not with other environmental variables or with richness of other species.
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Environmental conditions
Salinity in the experimental plots increased over the growing season (Fig. 3). Soil
moisture, temperature, average salinity, organic matter content and available nitrogen
were not significantly different among treatments (Table 3). There were no correlations
among these environmental variables. Rainfall in May-July was much higher than normal
(Table 4).

Discussion
Minchinton (2006) demonstrated the presence of viable propagules in wrack
collected from southern New England creeks. Presumably, propagules of similar species
cling to wrack in this system. However, timing of simulated wrack deposition may have
been too late in the season. Although wrack coverage peaks in June and is sometimes
stranded on the high marsh throughout the summer (Bertness and Ellison 1987), it is
possible that wrack gathered had already lost its seed load by June. Seed dispersal by
water shows seasonal variability (Wolters et al. 2005, Morzaria-Luna and Zedler 2007)
however, no studies have looked specifically at temporal variation in dispersal by wrack.
In this restored marsh, I noticed an abundance of seeds on wrack deposited during a
strong storm in April 2007. Only weeks later these seeds had dropped out of the wrack,
suggesting that there exists a narrow window of opportunity to transport a large seed load
via wrack.
Seedlings that did occur in the plots may have germinated from seeds dispersed
by water or wrack prior to the experimental date. Wrack is most likely to become
stranded on the marsh surface at creek bends (Fischer et al. 2000, Minchinton 2006). The
experiment was located at a 90° bend in the creek. Although natural wrack was not
observed here, it was a probable that wrack had been stranded here and deposited seeds
earlier in the season.
Based on numerous studies in southern New England, severe salt stress in
exposed substrate would be predicted (Bertness et al. 1992, Shumway and Bertness 1992,
Bertness and Hacker 1994). In high salt stress marshes in the southeastern United States,
wrack has been shown to decrease salinity and increase biomass (Pennings and Richards
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1998). However, patch environments of Northern New England, where temperature and
solar influence is lower, do not experience hypersaline soils as do their southern
counterparts (Ewanchuk and Bertness 2004b). Treatment had no effect on environmental
variables, in agreement with the findings of Hartman (1988) in which substrate
conditions compared between disturbance-generated bare patches and vegetated
sediments were not different (e.g. average salinity of 29, sd = 3.1 and 26, sd = 2.4,
respectively, Hartman 1988). Yearly environmental variation may also influence seedling
emergence and survival. The 2006 growing season had heavy spring rains which helped
maintain lower salinities and the ambient temperatures were not high enough to drive
changes in salinity (Table 5). Resulting soil salinities were less than 20 ppt, which is far
lower than seawater (32 ppt).
Juncus gerardii may have emerged from a seed bank rather than from seeds
dispersed in this past year. Juncus gerardii is the only salt marsh plant to maintain a longterm, persistent seed bank (Shumway and Bertness 1992, Wolters and Bakker 2002) It is
also known to dominate the soil seed bank (Jerling 1983, Hutchings and Russell 1989).
Therefore it is probable that these individuals regenerated from seeds buried in the pond
sediments for over 70 years. Juncus gerardii is reported to facilitate the growth of other
species (Bertness and Yeh 1994, Konisky and Burdick 2004) by decreasing soil salinity
and increasing oxidation (Bertness and Hacker 1994), which has important implications
for the recovery of marsh communities in subsequent years.
Contrary to expectations, both wrack and straw additions negatively impacted
Juncus cover. However, wrack is a known agent of disturbance, reducing biomass of
underlying vegetation (Bertness and Ellison 1987, Tolley and Christian 1999). Juncus is
susceptible to smothering and survives only a few weeks under wrack burial (Bertness
and Ellison 1987). The layer of deposited wrack and straw in my experiment was thick
enough to suppress growth. An improvement on this design would be to simulate wrack
deposition for a few weeks to deposit seeds and then remove to allow growth.
Soil moisture was the only variable that correlated (negatively) with J. gerardii
cover. This may reflect variation in level of waterlogging. Waterlogging generates
stressful conditions such as reduced oxygen status and increased toxic compounds
(Howes et al. 1981) and limits the growth of dominate perennials (Ewanchuk and
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Bertness 2004a). On the other hand, patterns of J. gerardii cover may reflect pre-impact
historic distribution of J. gerardii and the consequential patterns of seed density in the
seed bank.
Wrack plays a role in structuring zonation of salt marshes by inhibiting the
success of dominant perennials which allows subordinate species to establish (Bertness
and Ellison 1987, but see Valiela 1995, Brewer et al. 1998). Results of this study suggest
that wrack has a similar function in restored marshes. Consequently, spatial patterns of
colonization or inhibition may reflect areas that typically strand wrack such as creek
bends (Fischer et al. 2000, Minchinton 2002) and intermediate elevations above mean
high water (Bertness and Ellison 1987, Valiela 1995, Brewer et al. 1998).
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Tables and Figures

Table 1. Seedling composition for each treatment. Values represent the number of plots in
which species was counted at least once during the four sampling dates (n = 15 per
treatment). Parentheses indicate number of plots in which plants of this species died off
before final sampling date. Species with viable propagules known to travel on wrack
(Minchinton 2006) are bolded. Two plants were only identified to genus and two species
died as seedlings, precluding positive identification, so they were assigned “forb” or
“graminoid” based on growth form.

Juncus gerardii*
Spartina alterniflora*
Schoenoplectus maritimus*
Solidago sempirvens*
Typha sp.
forb
Spartina patens*
Atriplex patula*
Schoenoplectus pungens*
Agrostis stolonifera
Schoenoplectus tabernaemontanii
graminoid
Carex sp.
Salicornia depressa*

wrack
14(4)
3
5
1
1
2(2)
2(1)
1(1)
1

straw
14(4)
1
2
2
1
1
3(2)
1
1

bare
14(1)
3
4
1
2(1)
3(3)

2
1
1
1(1)

1
1(1)

* salt marsh species.
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Table 2. MANOVA results for seedling emergence and Juncus cover.
Parameter
seedling emergence

Juncus cover

Source
treatment
time
time X treatment
treatment
time
time X treatment

df
2
3
6
2
3
6

F-ratio
0.222
9.43
0.064
14.867
34.892
5.133

p -value
0.802
< 0.0001

0.999
< 0.0001
< 0.0001
< 0.0001

Table 3. One-way ANOVA results for edaphic variables. Average values by treatment for
measured edaphic factors are listed with ±1 standard deviation given in parentheses.
wrack

straw

control

df

F -ratio p -value

16 (2.5)

15 (2.8)

16 (1.9)

2

0.484

0.620

temperature (°C)

21.5 (0.90)

21.3 (0.79)

21.8 (0.49)

2

1.805

0.177

moisture content (%)

50.6 (5.0)

50.4 (4.13)

48.49 (5.31)

2

0.845

0.437

Parameter
average salinity (ppt)

organic matter content (%)

14.7 (2.8)

13.7 (2.6)

14.1 (2.2)

2

0.587

0.560

available N (ug/g)

0.05 (0.52)

0.52 (0.61)

0.35 (0.35)

2

0.245

0.784

Table 4. Rainfall and average temperature this growing season compared with normal (30
year averages). Source: Northeast Regional Climate Center.
rainfall (cm)
2006 normal
April
5.94
10.77
May
18.47
10.16
June
18.29
9.09
July
12.19
7.90
August
6.48
6.99
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ave. temp. (°C)
2006 normal
7.7
6.4
13.1
12.6
18.1
17.2
21.6
20.3
18.4
19.5
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Figure 1. Location of experimental plots within Sherman Marsh.
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Figure 2. (a) Average seedling emergence count and (b) average Juncus gerardii cover by
treatment on four sampling days. Error bars represent ±1 standard deviation. See Table 2
for MANOVA results.
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Figure 3. Average pore water salinity by treatment over time. There was a significant
increase in salinity over time but no differences among treatment at various sampling
dates (repeated-measures ANOVA df = 2, F = 72.8, p < 0.0001 and df = 3, F = 0.231, p
= 0.795, respectively). Error bars represent ±1 standard deviation.
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